Abstract: This paper proposes a new control architecture for stable and transparent haptic rendering of interactive simulation involving a rigid tool and deformable objects. The traditional direct and proxy-based haptic rendering schemes are analyzed for the absolute stability, and transmit impedance employing the well-known bilateral control architecture frequently used in the field of teleoperation systems. An equivalent impedance is conveyed in the proposed control scheme to the haptic device instead of the contact force between the virtual tool and the object. The trade-off problem between the absolute stability and the transmitted impedance is resolved by computing the haptic feedback using the equivalent impedance. The proposed rendering scheme shows higher transparency than the conventional haptic rendering methods while maintaining the absolute stability.
INTRODUCTION
Virtual simulation using visual and haptic feedback has been applied to medical training (Kuhnapfel, Cakmak, & MaaB, 2000; Mahvash & Hayward, 2004) . Maintaining stability during such simulation is difficult because of the dynamic characteristic of the virtual environment and limited update rate stemming from the computation load of the virtual environment. The early research on the stability problems discussed the haptic feedback from the static virtual environment such as the virtual wall (Colgate, Stanley, & Brown, 1995) . The stability problems often rise in the virtual environment simulating dynamic behaviour of the rigid and deformable objects (Fierz, Spillmann, Aguinaga Hoyos, & Harders, 2012) . Many stability analyses of the simulation, however, assume that the virtual environment is passive. The dynamic characteristics of the virtual environment is often neglected in the stability and performance analysis of the simulation (Adams & Hannaford, 1999) .
The bilateral control architecture (Hashtrudi-Zaad, 2001 ) has been widely used to analyse the stability and performance of the teleoperation system composed of the master and slave. This paper presents a novel control architecture for transparent and stable simulation of the interaction between the rigid tool and the deformable object. Limitation of the conventional haptic rendering is discussed in the frame of the bilateral control architecture, and a method is proposed to overcome the limitation.
CONVENTIONAL HAPTIC RENDERINGS FORMULATED AS BILATERAL CONTROL ARCHITECTURES
Displacements of the virtual objects are computed using the discretized governing equation. The intersection between the virtual objects are detected using the efficient and fast collision detection algorithm (Jime, Thomas, & Torras, 2001) . Contact forces between the virtual objects are then computed and applied to the virtual objects. These steps must be completed within at least 30 Hz update cycle to provide plausible visual feedback (Bro-Nielsen, 1998) . The haptic feedback requires 1 kHz update rate (Picinbono, Lombardo, Delingette, & Ayache, 2002) . Zero-order-holder (ZOH) is used to display the computed force from the virtual environment in the haptic update rate.
The direct (Y. J. Kim, Otaduy, Lin, & Manocha, 2002 ) and the proxy-based haptic rendering (Barbič & James, 2008) are used in the field of the haptic simulation. The contact force between the virtual tool and the virtual object is directly displayed to the human hands in the direct rendering. The direct rendering is difficult to avoid the visual overlapping between the virtual tool and the object often resulting in unrealistic visual feedback. The proxy-based rendering employs a proxy to provide the plausible visual feedback. The virtual tool called proxy is connected to the haptic device by the virtual coupling composed of the artificial spring and damper. The virtual tool is moved by the coupling force in free motion. The virtual tool remains on the surface of the virtual object by the contact force and the coupling force. The virtual coupling decouples the stability problem of simulation from virtual environment when the virtual environment is passive. The transparency is less
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Copyright © 2017 IFACdiscussed than the stability on the simulation in the field of haptic rendering. Stabilization methods affect the transparency of the simulation.
This paper uses impedances to represent characteristics of the virtual environment and analyses the effect of virtual environment to the simulation. The pose of the rigid tool is updated by the numerical integration and applied force. A tool impedance is defined to represent the relationship between the applied force and velocity of the virtual tool like the haptic device. The contact force is computed according to the contact resolution methods. The common thing is that the contact force is computed based on the penetration depth between the objects. A contact impedance is defined to represent the relationship between the penetration depth and contact force. The contact surface of the deformable object is displaced by a contact force. The relationship between displacement and contact force of the deformable object can be represented using an impedance of the virtual object.
Direct haptic rendering
The time-domain passivity control (Hannaford & Ryu, 2002) has been applied to absorb the energy generated by discretization of the virtual environment. The passivity controller measures the energy flows between the haptic device and virtual environment. The artificial damping is applied to absorb the energy when the energy from the virtual environment exceeds the energy applied to the virtual environment. Several researches (J.-P. Kim, Seo, & Ryu, 2011; D. Lee & Huang, 2010; K. Lee & Lee, 2009 ) have tried to minimize the dissipated energy for transparent and stable simulation. Another method stabilizing the haptic feedback is to restrict stiffness and damping coefficient of the virtual coupling. Stability and performance of the simulation using the virtual coupling in the direct rendering was discussed on the previous research (Adams & Hannaford, 1999) . This paper discusses the direct haptic rendering with the time-domain passivity control. Simulation using the direct rendering with the time-domain passivity controller is formulated as shown in Fig. 1 . F and V indicate the force and velocity, respectively. The subscript indicates the element of the simulation. h, m, c, and e denote the human, haptic device, contact and contact surface of the virtual object, respectively. is the passivity controller. The discrete variables are indicated with a star superscript.
The human generates the exogenous force input, ℎ_ using to manipulate the haptic device. The input force is conveyed through the impedance of human arm. The haptic device is moved by the force from the human. The haptic device is modelled by the impedance type master. The slave is not included because the virtual tool is rigidly manipulated by the haptic device. The contact force is computed based on the penetration depth between the virtual tool and object. The interaction between the virtual tool and object is represented using the contact impedance. The contact surface of the virtual object is displaced by the contact force. The contact surface of the virtual object is modelled by impedance of the virtual environment. The haptic feedback is conveyed to the haptic device using ZOH. The passivity controller is represented by the gain control. The hybrid matrix between the human arm and the contact surface of the virtual object is formulated as shown in (1). The absolute stability conditions are formulated as shown in (2), (3), and (4).
.
(1⁄ ) ≥ 0 (3).
�
The impedance of the haptic device can be obtained by the Laplace transform (Adams & Hannaford, 1999) . The impedances from the virtual environment can be obtained by the Z-transform. If the simulation satisfies the absolute stability conditions and the human arm and virtual object are passive, then the simulation is absolutely stable.
The passivity controller can manage the absolute stability condition (2), (4). The condition (2) and (3) are always satisfied because the impedance of the haptic device, contact, and passivity controller are positive. The left term must be larger than the right term in the condition (4) for stable simulation. The condition (4) shows the effect of discretization on the stability. The left term decreases and the right term increases when the effect of ZOH increases. The passivity controller stabilizes the simulation by increasing � � on the left term.
Proceedings of the 20th IFAC World Congress Toulouse, France, July 9-14, 2017
